Tetradentate amine N,N -bis(2-pyridylmethylene)-1,4-diaminodiphenyl ether (compound 1) dramatically accelerates the oxidation of alkanes with MCPBA in acetonitrile catalyzed by FeCl 3 , whereas N,N -bis(2-pyrrolidinmethylene)-1,4-diaminodiphenyl ether (2) does not affect the reaction. The selectivity of the reaction in the presence of 1 is noticeably higher than that in its absence. On the basis of the kinetic study and selectivity parameters a mechanism has been proposed which includes the formation of a complex between a molecule of MCPBA and coordinated to ligand 1 iron ion. This complex decomposes to produce a Fe(II) derivative which is further oxidized by MCPBA to generate a (1·Fe=O) 4+ species reacting with both alkane and acetonitrile. Finally, alkyl hydroperoxide is formed which partially decomposes to produce more stable corresponding alcohol and ketone (aldehyde).
Introduction
Oxygen-activating proteins and especially enzymes containing non-heme iron sites (for example, methane monooxygenase, MMO) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] can be mimicked by synthesized non-heme iron complexes with polydentate nitrogen-containing ligands [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . In some cases in these alkane-oxidizing systems m-chloroperoxybenzoic acid (MCPBA) was used as an oxidant [33, 34] . Complexes of cobalt [34] , ruthenium [35] [36] [37] and manganese [34, 38, 39] with chelating N-ligands have been also found to catalyze alkane oxidations with MCPBA. It is well-known that alkane oxidations with various reagents catalyzed by "simple" transition metal salts can be dramatically accelerated if certain additives are introduced into the reaction solution (see reviews [40, 41] ). These additives are often amines or their derivatives which can be considered as models of protein environment of enzyme active sites.
We wish report a new catalytic system based on iron(III) chloride as a catalyst and MCPBA as an oxidizing reagent. We studied the effect of the addition of tetradentate amines 1 and 2 and found that only compound 1 gives rise to the remarkable growth of the reaction rate as well as to noticeably higher regio-and bond-selectivity in the alkane oxidation. Polydentate N-ligands can be considered as models of amino acid environment of certain enzyme reaction centers.
Experimental

Materials and instruments
All chemicals employed were commercially available reagent grade materials from Aldrich Chemicals Co. and Fluka Chemie AG and were used as received, without further purification.
IR spectra were obtained on a Perkin-Elmer FT-IR 1720X spectrometer using KBr pellets. The abbreviations for the described intensities are: b (broad), w (weak), m (medium), s (strong) and vs (very strong). The absorption bands are given in cm −1 and the spectrum was taken in the range between 4000 and 400 cm −1 . The NMR spectrum was recorded on a BRUKER AMX-400 (400 MHz) spectrometer. Chemical shifts (δ) are reported in ppm values relative to TMS. The abbreviations used are: s (singlet), d (doublet), t (triplet), m (multiplet) and b (broad). The electron impact (EI) mass spectrum was obtained using a DELSI-NERMAG R30-10 system. The electrospray (ESI) mass spectrum was performed by the MS-Service UNI Fribourg using a BRUKER FTMS 4.7T BioAPEX II system. UV-Vis titration measurements were performed in 96-well microtitre plates monitored in a Spectramax-250 plate reader at the Department of Chemistry and Biochemistry of the University of Bern. The results were analyzed using SoftmaxPro 2.2.1 and then treated with Excel2000 Worksheets.
In the X-ray analysis, intensity data were measured either on a STOE AED2 four-circle diffractometer or on a STOE Imaging Plate diffractometer both using graphite monochromated Mo Ka radiation (l = 0.71073). The structures were solved either by direct methods or by Patterson heavy-atom technique using the program SHELXS-97 [42] . The program SHELXL-97 [43] was used for refinement. The H atoms were included at calculated positions and allowed to ride on their parent atoms with Uiso = xU eq (parent), where x = 1.5 for methyl H atoms and x = 1.2 for all other atoms. Weighted full-matrix least squares refinement on F 2 was used. Neutral atomic scattering factors are taken from International Tables for X-ray crystallography [44] .
The values R1 and wR2 given in the tables have been calculated as follows: 
R1
The goodness of fit ratio is given by
with n = number of reflections, p = number of refined parameters. The figures were drawn using the program PLU-TON/PLATON [45] . Thermal ellipsoids are at the 50% probability level.
N,N -bis(2-pyridylmethylene)-1,4-diaminodiphenyl ether (compound 1)
Compound 1 [46] was prepared by the condensation reaction between 4,4 -diaminophenyl ether and pyridine-2-carboxaldehyde in a 1:2 ratio with a quantitative yield. To a solution of tetrahydrofurane (50 mL) containing 4,4 -diaminophenyl ether (10.465 mmol, 2.096 g), was added drop-by-drop pyridine-2-carboyaldehyde (20.930 mmol, 2 mL). The mixture was heated at reflux, with stirring, for 6 h. Removal of solvent under vacuum yielded 1 as a yellow powder which was dried under high vacuum for several hours (yield: 3.87 g, 98.0%). Suitable crystals for crystallographic analysis were obtained by slow diffusion of hexane into a solution of the ligand in dichloromethane. 1 (7) 4710 (1) 1286 (1) 1199 (1) 33(1) C (8) 4742 (1) 1963 (1) 1944 (1) 35(1) C (9) 5281 (1) 2047 (1) 3369 (1) 35(1) C (10) 5770 (1) 1453 (1) 4099 (1) 33(1) C (11) 5744 (1) 777 (1) 3377 (2) 39(1) C (12) 5239 (1) 703 (1) 1923 (2) 37(1) C (13) 6938 (1) 1063 (1) 6226 (1) 36(1) C (14) 6689 (1) 792 (1) 7664 (2) 39(1) C (15) 7385 (1) 296 (1) 8396 (2) 39(1) C (16) 8329 (1) 78 (1) 7704 (1) 39 (1) C (17) 8563 (1) 362 (1) 6248 (2) 48 (1) C (18) 7872 (1) 854 (1) 5505 (2) 46(1) C (19) 9934 (1) −568 (1) 8194 (2) 48(1) C (20) 10584 (1) −1138 (1) 8989 (2) 41(1) C (21) 10215 (1) −1501 (1) 10273 (2) 51(1) C (22) 10861 (1) −2025 (1) 10971 (2) 58 (1) C (23) 11860 (1) −2166 (1) 10372 (2) 52 (1) C (24) 12169 (1) −1780 (1) 9086 (2) 52 ( (5) • . The pyridine-imine system is almost planar within the two moieties. Torsion angles N1-C5-C6-N2 and C7-N2-C6-C5 are 178.3(1) and 173.3(1) • , respectively, whereas torsion angles N3-C19-C20-N4 and C16-N3-C19-C20 are 170.0(1) and -177.7(1) • , respectively. This is consistent with the presence of a -system, only interrupted by the central O atom, although bond-length alternation is always observed (the average C=N bond distance of 1.263 (1) • is indicative of double-bond character). In the crystal packing ( Fig. 2) it can be seen that the pyridine N atoms are involved in weak intermolecular C-H · · · N interactions with symmetry-related molecules.
N,N -bis(2-pyrrolidinmethylene)-1,4-diaminodiphenyl ether (2)
Compound 2 was obtained by the condensation reaction between 4,4 -diaminophenyl ether and pyrrol-2-carboxaldehyde in a 1:2 ratio with a high yield. To a solution of THF (10 mL) containing 4,4 -diaminophenyl ether Table 3 Selected bond distances [Å] for compound 1
0.954 (13) (2.5 mmol, 0.500 g), was added drop by drop a solution of pyrrol-2-carboyaldehyde (5 mmol, 0.475 g) in THF (15 mL Table 4 Selected bond angles ( • ) for compound 1
119.80(10)
122.66(10) C(9)-C(8)-C (7) 120.63(10)
120.09 ( (12) 120.7(8) C (7) The IR spectrum of 2 exhibits a very strong peak at 3413 cm −1 that corresponds to the free pyrrol NH group vibration and several weak peaks at 3113, 3063, 3032, 2959 and 2889 cm −1 , associated with the arC-H stretching vibrations. The imine-stretching band appears at 1617 cm −1 as an intense signal and the arC-arC stretching vibrations bands at 1549, 1499, 1452 and 1421 cm −1 . The peaks associated with the ether function asymmetric stretching band are found at 1260, 1240 and 1196 cm −1 . Bending C-H vibrations appear at 836 and 728 cm −1 . The 1 H NMR spectrum exhibits six sets of resonances, five of them in the aromatic region. The proton of the pyrrol NH group is observed at 11.74 ppm. The UV-Vis spectrum (250-600 nm region) of 2 in EtOH at a concentration 125 mol dm −3 shows one clear band at 340 nm with a small shoulder at about 295 nm corresponding to the absorption of the imine chromophore and the diphenyl ether groups.
Catalytic oxidations
The oxidations of hydrocarbons were carried out in MeCN at 25 • C in air in thermostated Pyrex cylindrical vessels with vigorous stirring. The total volume of the reaction solution was 5 mL. Initially, a portion of solid MCPBA ("Fluka") Table 5 Hydrogen-bonding geometry (Å, was added to the solution of the catalyst, co-catalyst and substrate. In the experiments on cyclohexane oxidation after certain time intervals samples (about 0.2 mL) were taken. In order to determine concentrations of all cyclohexane oxidation products the samples of reaction solutions were analyzed twice (before and after their treatment with PPh 3 ) by GC (HP Series 5890-II, Carbowax 20 M, 25 m × 0.2 mm × 0.2 m; helium as a carrier gas) measuring concentrations of cyclohexanol and cyclohexanone. This simple and convenient method (an excess of solid triphenylphosphine is added to the samples 10-15 min before the GC analysis) which was described by us earlier [40, 41, [47] [48] [49] [50] [51] [52] allows us to detect alkyl hydroperoxides and to measure also the real concentrations of all three products (alkyl hydroperoxide, alcohol and aldehyde or ketone) present in the reaction solution, because usually alkyl hydroperoxides are decomposed in the gas chromatograph to produce mainly the corresponding alcohol and ketone. Authentic samples of all oxygenated products were used to attribute the peaks in chromatograms (comparison of retention times was carried out for different regimes of GC-analysis).
Results and discussion
The efficiency of the cyclohexane oxidation with MCPBA in acetonitrile at 25 • C catalyzed by only FeCl 3 is very low (Fig. 3) . However, we have found that addition of a relatively small amount of compound 1 leads to the dramatic increase of both the initial reaction rate and the final yield of cyclohexane oxygenates. It is noteworthy that no oxidation acceleration has been found when compound 2 was used instead of 10 −3 mol dm −3 ) and cyclohexanone (5 × 10 −4 mol dm −3 ) which correspond to TON = 9 (compare with the data presented in Table 6 ). Employing a method previously used by us (a comparison of the chromatograms before and after the reduction with solid triphenylphosphine) [40, 41, [47] [48] [49] [50] [51] [52] we demonstrated that cyclohexyl hydroperoxide is formed in sufficient concentration in addition to the more stable cyclohexanone and cyclohexanol. Nevertheless, in our kinetic studies presented in Figs. 3-6 we measured the concentrations of the cyclohexanone and cyclohexanol only after the reduction with PPh 3 because in this case we obtain more precise values of the initial rates. It can be seen in Fig. 3 , graph B that at high concentrations of 1 the initial rate does not practically depend on its initial concentration, [1] 0 . Fig. 4 plots the dependence of the initial rate on the concentration of FeCl 3 , while the concentration of co-catalyst 1 is fixed. The linearity of the slope indicates an order of 1 for FeCl 3 . We have found a zero-order dependence on initial oxidant concentration (Fig. 5, graph B, curve 1) . First order has been found for cyclohexane even at its high concentrations (up to 0.8 mol dm -3 ; Fig. 6 ).
We can assume that the diphenyl ether bridge that links the two bidentate N 2 -units would not permit the ligand to wrap around one metal center. As in almost all experiments we used a high 1:Fe ratio we have to propose that mixing FeCl 3 and 1 in acetonitrile solution gives rise to the formation of a complex containing iron(III) ion coordinated with only two nitrogen atoms of compound 1. It is important to note that a coordination of such type is impossible in the case of compound 2 containing N-H fragments. An independent preliminary experiment supports this assumption: using the relatively low 1:Fe ratio we were able to isolate an iron complex (3) which according to the elemental analysis had the composition [Fe 2 (1) 3 ](ClO 4 ) 4 . Compound 3 and the FeCl 3 + 1 combination exhibited similar electronic spectra in the region 450-700 nm (Fig. 7) . Both complex 3 and the FeCl 3 + 1 combination catalyze the cyclohexane oxidation by MCPBA (as well as by peroxyacetic acid, PAA) (see Table 6 ).
Thus, discussing a possible mechanism of the alkane oxidation we accept that equilibrium (1) exists in the reaction solution, and the formation of an adduct between the iron ion and 1 with the 1:1 ratio is probable
In this case the oxidation rate will be changed with growth of [1] 0 (see Fig. 3 , curve 1) until the point when all iron will be involved into a 1:1 complex and this rate will remain almost constant during further growth of [1] 0 . The dependence of the initial reaction rate on [1] 0 shown in Fig. 3 , curve 1 is in agreement with this proposal. Constant for equilibrium (1) is Fig. 3 we can estimate K 1 > 5 × 10 4 mol −1 dm 3 . We measured the selectivity parameters for the oxidation of certain alkanes by the system under investigation. It can b PCA is pyrazine-2-carboxylic acid; for this system, see [53] . c Mn 2 IV is [LMn IV (O) 3 Mn IV L](PF 6 ) 2 , where L is 1,4,7-trimethyl-1,4,7-triazacyclononane; for this system, see [38, 39, [54] [55] [56] [57] [58] .
be seen from the data presented in Tables 7 and 8 that the selectivities for the oxidation catalyzed by FeCl 3 in the presence of compound 1 are noticeably higher than that for the reactions without 1. These results testify that an oxidizing species in the case of the MCPBA-FeCl 3 -1 system is more selective than radicals HO . or RO • and we can conclude that in this reaction neither hydroxyl nor alkoxyl radicals induce the cyclohexane oxidation. This conclusion is supported by the data presented in Fig. 6 which demonstrates that the initial reaction rate is proportional to initial cyclohexane concentration up to 0.8 mol dm −3 . It means that only a small portion of formed active species is accepted by the cyclohexane. In oxidations induced by HO • or RO • at such high cyclohexane concentration a large portion of all generated active species is accepted with the alkane and the oxidation rate becomes to be independent of the cyclohexane concentration. Such an independence of the reaction rate on cyclohexane concentration at [cyclohexane] 0 up to 0.9 mol dm −3 was found by us in the oxidation with hydrogen peroxide catalyzed by an iron chloride salt in acetonitrile [59] . In that case a conclusion has been made that an oxidizing species was the Fe(IV) ion. It is reasonable to assume that a system described in the present work oxidizes with the formation of the same ion bound to ligand 1. The dependence of the initial reaction rate on initial MCPBA concentration shown in Fig. 5 is in accordance with a proposal about the formation of an adduct, comp (see [60] [61] [62] ), between coordinated with 1 iron ion and the MCPBA molecule [depicted as RC(=O)OOH] which can be a peroxo complex
In accordance with the data of Fig. 5 we can accept that at [MCPBA] 0 ≈ 0.15 mol dm −3 the reaction rate is equal to one half of the maximum rate. Thus concentration of comp is 1/2[(Fe·1) 3+ ] 0 and K 2 > (0.15) −1 ≈ 6 mol −1 dm 3 .
We propose the following steps in addition to stages (1) and (2) 
This kinetic model is in accordance also with found linear dependence of the reaction rate on FeCl 3 concentration when [FeCl 3 ] < [1] . We have to accept in the frames of the proposed mechanism that the rate of the interaction between (1·Fe=O) 4+ and acetonitrile is substantially higher than the rate of the reduction of (1·Fe=O) 4+ with cyclohexane. This statement is based on the data presented in Fig. 6 : there is not plateau even at relatively high cyclohexane concentrations (> 0.6 mol dm −3 ) and the dependence is linear up to 0.85 mol dm −3 of cyclohexane. In this case we can estimate the constant K 3 of the rate of the comp monomolecular decomposition: k 3 [comp] 0.8 × 10 −5 mol dm −3 s −1 and k 3 (0.8 × 10 −5 )/(2 × 10 −4 ) = 0.04 s −1 . It is interesting that this value is much higher than the rate constant for the monomolecular decomposition of a peroxo iron(III) complex in water.
Conclusion
This work demonstrates that the addition to a metalcomplex catalyst a polydentate amine (which mimics a peptide environment of a reaction center in an enzyme) leads to a great enhancement of the alkane oxidation rate as well as selectivity of the reaction.
